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Abstract: We consider a D = 4, N = 2 gauged supergravity with an electromagnetic
Fayet-Iliopoulos term. We restrict to the uncharged, single dilaton consistent truncation
and point out that the bulk Lagrangian is self-dual under electromagnetic duality. Within
this truncation, we construct two families of exact hairy black hole solutions, which are
asymptotically AdS4. When a duality transformation is applied on these solutions, they are
mapped to two other inequivalent families of hairy black hole solutions. The mixed boundary
conditions of the scalar field correspond to adding a triple-trace operator to the dual field
theory action. We also show that this truncation contains all the consistent single dilaton
truncations of gauged N = 8 supergravity with a possible ω-deformation.
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1 Introduction
The advent of gauge-gravity duality [1] has produced a breakthrough in understanding the
properties of strongly coupled field theories. In the context of string theory, where the
AdS/CFT correspondence is best understood [2, 3], the physics in the bulk is described by
theories of gravity coupled to various matter fields, which correspond to (consistent trunca-
tions of) gauged supergravities (see, e.g., [4] and references therein). Since the AdS spacetime
is not globally hyperbolic, the boundary conditions are crucial in order to obtain well-defined
dynamics for a given field [5]. For simplicity, one can, in principle, consider a bulk theory that
includes just gravity and a single scalar field with a non-trivial potential. However, when the
scalar field mass is in the Breitenlohner-Freedman (BF) window, there are infinitely many
inequivalent boundary conditions which would imply the existence of a hairy soliton as a
ground state. As it is possible to a priori pick the boundary which yields a desired ground
state, the theories of this type are referred to as ‘designer gravity’ [6]. According to the
‘holographic’ dictionary, imposing mixed boundary conditions on the scalar field corresponds
to perturbing boundary (UV critical point) conformal field theory by a relevant, irrelevant or
marginal multi-trace deformation [7].
Motivated by AdS/CFT duality, there has been extensive work on constructing exact
neutral static black hole solutions with scalar hair [8–20] in designer gravity. In general
relativity, these solutions are important for clarifying different aspects of no-hair theorems
[21], the role of “scalar charges” for black hole thermodynamics [22–25], and issues related
to their stability [26–28]. In a series of papers [11, 13–15], by using a specific ansatz [11],
a new procedure was developed for obtaining exact regular hairy black hole solutions for a
general scalar potential. At first sight, an issue related to this method is that the scalar
potential is ‘engineered’ and not obtained from physical considerations. However, intuitively,
the condition for the existence of hairy black holes is that the self-interaction of the scalar
field together with the gravitational interaction should combine such that the near-horizon
hair does not collapse into the black hole while the far-region hair does not escape to infinity.
In [29], it was shown in some concrete examples that, indeed, the hair should extend some way
out from the event horizon and the degrees of freedom near the horizon are bound together
with the ones that tend to be radiated away at infinity. This simple physical intuition hints
to a direct connection between the integrability of the equations of motion and the form
of the scalar potential [11, 13–15]. Not surprisingly, it was shown that, for some consistent
truncations of supergravity theories for which exact neutral hairy black holes can be explicitly
constructed [16, 18, 30, 31], the corresponding scalar potentials are particular cases of this
general potential. However, this raises an important question about the validity of exact hairy
black hole generating technique and the embedding of its corresponding scalar potential in
supergravity theories for which many physical aspects are under control.
In the recent years, after the surprising finding of a one-parameter family of SO(8) maxi-
mal four-dimensional supergravity theories [32] with different physical properties with respect
to the original SO(8) gauged model [33], some progress was made towards the understanding
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of the vacuum structure [30, 34–38] and their dual field theory [39, 40]. Also, new domain wall
and hairy black hole solutions were constructed [30, 40]. Together with the original SO(8)
model, other gauged supergravities have been extended by using dyonic embedding tensor
[41, 42] (dyonic gaugings). These new gaugings feature a much richer vacuum structure and
scalar field dynamics than their original counterparts. Although the M-theory origin of those
four-dimensional theories with dyonic gauging and semisimple gauge group remains yet to
be elucidated, those with non-semisimple gauging have been uplifted to ten-dimensional type
IIB or (massive) type IIA superstring theories [43, 44]. In particular, if the gauge group is
chosen to be ISO(7), the concrete embedding in massive type IIA supergravity was obtained
in [44] (see also [45–47]).
In this work, we focus on a particular class of models describing N = 2 supergravity
coupled to a single vector multiplet in the presence of electric and magnetic Fayet-Iliopoulos
(FI) terms. Analogous theories were considered, with only electric FI terms, in [18]. After
studying the AdS and dS vacua of the models for various choices of the parameters, we restrict
ourselves to a consistent Einstein-dilaton truncation of the model and explicitly construct the
scalar potential as a function of the dilaton only. Interestingly, after a redefinition of the
parameters and a shift that makes the kinetic term of the dilaton canonically renormalized,
the scalar potential matches (modulo a restriction on the parameters) the one of [11, 13–
15]. We also discuss this truncation in the context of ω-rotated SO(p, q)-gauged maximal
supergravities. This does not only close a gap on the physical significance of the scalar
potential, but opens the possibility of constructing in a direct manner exact static regular
hairy black hole solutions in supergravity.
From the perspective of gauge-gravity duality, our study can be motivated by the holo-
graphic relation between hairy solutions with mixed boundary conditions for the scalar field
and the Renormalization Group (RG) flows of the dual field theory. The UV perturbation
appears as boundary conditions on the supergravity fields at large radius. Relevant for phe-
nomenology, the conformal invariance and supersymmetry can be broken by deformation of
the gauge theory by operators that produce an RG flow to one with a fewer symmetries. The
boundary conditions can, in general, break conformal invariance [48], but when the symme-
try is preserved the geometry is AdS just asymptotically and becomes deformed due to the
backreaction in the bulk. The conformal dimension of an operator can be related to the mass
of AdS field to which it is isomorphic. By solving the equation of motion for a scalar field
with m2 ≥ 0, one obtains two modes: the normalizable one is divergent in the interior and
finite as one approaches the boundary of AdS spacetime and the other, which is referred to
as non-normalizable, is divergent at the boundary but finite in the interior. On one hand, ex-
citing the normalizable mode significantly modifies the geometry of the bulk spacetime while
preserving the asymptotic AdS behaviour. On the other hand, the non-normalizable modes
are interpreted as boundary source currents for the operator dual to the scalar field [49, 50].
Therefore, an additional goal in this paper is to construct exact asymptotically AdS hairy
black hole solutions in supergravity, study some of their generic features, and interpret them
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in the context of gauge-gravity duality. We obtain a general class of exact regular hairy black
hole solutions that preserve the isometries of AdS in the boundary. These generalize to dyonic
FI terms the solution found in [18]. The scalar field is tachyonic with mixed boundary con-
ditions, but with a mass within the BF window, and so both modes are normalizable. From
a holographic point of view, the solutions correspond to adding triple trace deformations to
the boundary action. We point out that the dyonic model has an unexpected symmetry that
involves a transformation of the parameters of the theory. Remarkable enough, we show that
the action of this symmetry on solutions is non-trivial. That provides a new solution gener-
ating technique in asymptotically AdS spacetimes, but the map between solutions modifies
the boundary conditions.1
The remainder of the paper is organized as follows:
In Section 2, after recalling the main facts about special geometry, we discuss the class of
N = 2 models on which we shall focus in the present work. We discuss their general duality
equivalence relations and vacua for various choices of the FI parameters.
In Section 3, we obtain a general Einstein-dilaton consistent truncation and, for any
specific model, we show that there exist two families of exact hairy black hole solutions
asymptoting a specific AdS vacuum. These families are related to one another by an electric-
magnetic duality transformation. The regularity condition and thermodynamics of these
backgrounds are discussed in great detail.
In Section 4, we provide a holographic interpretation of the solutions. We construct the
regularized action in the gravity side, compare with the results of the dual field theory, and
discuss the implications for our model.
In Section 5 we show that, for suitable choices of the parameters, the class of Einstein-
dilaton models considered here can be identified with truncations of ω-rotated SO(p, q)-gauged
maximal supergravities [32, 60–63]. This allows to embed the corresponding hairy black hole
in those gauged maximal models.
Finally, we discuss some implications of our results, as well as possible future directions,
in Section 6.
2 The model
In this section, after reviewing the main ideas behind special geometry in N = 2 theories, we
shall focus on the model under consideration and discuss its main features.
2.1 Brief review of special geometry
Let us start recalling the relevant concepts about special Ka¨hler manifolds, which is the class
of target spaces spanned by the complex scalar fields in the vector multiplets of an N = 2
four-dimensional supergravity. This will also allow us to fix the notation.
1 This is not generic in asymptotically AdS black holes since the solutions generating technique [51–59],
which is based on the global symmetry group of ungauged supergravities, can no longer be applied in the
presence of a gauging, due to the non-trivial duality action on the embedding tensor.
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Consider an N = 2 supergravity coupled to a number nv of vector multiplets and no
hypermultiplet in the presence of FI terms. The theory describes nv + 1 vector fields A
Λ
µ ,
Λ = 0, . . . , nv, and ns = nv complex scalar fields z
i. The general form of the bosonic
Lagrangian is2:
Lb =
ed
8piG
(
−R
2
+ gi¯ ∂µz
i ∂µz¯ ¯ +
1
4
IΛΣ(z, z¯)FΛµν FΣµν +
1
8 ed
RΛΣ(z, z¯) µνρσ FΛµν FΣρσ − V (z, z¯)
)
,
(1)
where ed =
√|det(gµν)| . The nv + 1 vector field strengths are defined as usual:
FΛµν = ∂µA
Λ
ν − ∂νAΛµ .
The ns complex scalars z
i, i = 1, . . . , ns, couple to the vector fields in a non-minimal way
through the real symmetric matrices IΛΣ(z, z¯), RΛΣ(z, z¯) and span a special Ka¨hler manifold
MSK. The scalar potential originates from electric-magnetic FI terms. The presence of these
terms amounts to gauging a U(1) symmetry of the corresponding ungauged model (with no
FI terms) and implies minimal coupling of the vector fields to the fermions only.
For the general definition of special Ka¨hler manifolds and its properties and the gauging
procedure we refer the reader to the reviews [4, 64, 65]. The geometry ofMSK can be described
in terms of a holomorphic section ΩM (zi) of the characteristic bundle defined over it, which is
the product of a symplectic-bundle and a holomorphic line-bundle. Denoting the components
of ΩM (zi) as follows:
ΩM =
(
XΛ
FΛ
)
, Λ = 0, . . . , nv (2)
the Ka¨hler potential and the metric have the following general form
K(z, z¯) = − log
[
iΩ
TCΩ
]
= − log
[
i
(
X
Λ
FΛ −XΛFΛ
)]
,
gi¯ = ∂i∂¯K ,
(3)
where C = (CMN ) is the Sp
(
2(nv + 1),R
)
-invariant antisymmetric matrix:
C =
(
0 1
−1 0
)
. (4)
A change in the coordinate patch on the scalar manifold amounts to transforming ΩM (zi)
by a corresponding constant Sp
(
2(nv + 1),R
)
matrix besides multiplying it by a holomorphic
function exp(f(z)). The former leaves the Ka¨hler potential invariant, as it is apparent from
its manifestly symplectic invariant expression (3), while the latter implies a corresponding
Ka¨hler transformation
K(z, z¯) → K(z, z¯)− f(z)− f¯(z¯) . (5)
2 Using the “mostly minus” convention and c = ~ = 1. Moreover 0123 = −0123 = 1.
– 6 –
The choice of ΩM (zi), also fixes the symplectic frame (i.e. the basis of the symplectic fiber
space) and thus the non-minimal couplings of the scalar fields to the vector field strengths in
the Lagrangian. In the special coordinate frame the lower components FΛ of the section are
expressed as the gradient with respect to the upper entries XΛ, of a characteristic prepotential
function F (XΛ):
FΛ =
∂
∂XΛ
F , (6)
where F (XΛ) is required to be a homogeneous function of degree two. In this frame the upper
components XΛ(zi), which are defined modulo multiplication times a holomorphic function,
can be used as projective coordinates to describe the manifold and, in a local patch in which
X0 6= 0, we can identify the scalar fields with the ratios zi = Xi/X0. We shall also use a
covariantly holomorphic vector VM = eK2 ΩM , which is section of a U(1)-line bundle satisfying
the property:
Dı¯VM ≡
(
∂ı¯ − 1
2
∂ı¯K
)
VM = 0 , (7)
Di, Dı¯ being U(1)-covariant derivatives. Under a Ka¨hler transformation defined by a holom-
porphic function f(z), this section transforms by a corresponding U(1)-transformation:
VM → ei Im(f) VM . (8)
From its definition and eq. (3), we find that VM satisfies the condition VTCV = i. In partic-
ular the definition of this kind of manifold requires the section VM to satisfy the additional
properties:
DiUj = i Cijk g
kk¯ U k¯ ,
DiU ¯ = gi¯ V ,
VTCUi = 0 ,
(9)
where we have defined
UMi =
(
fΛi
hΛ i
)
≡ DiVM =
(
∂i +
1
2
∂iK
)
VM , (10)
and Cijk is a characteristic covariantly holomorphic tensor which enters the expression of the
Riemann tensor and defines the Pauli terms in the Lagrangian involving the gauginos.
The following identity holds:
UMN ≡ gi¯ UMi UN¯ = −
1
2
MMN − i
2
CMN − VMVN , (11)
where MMN , and its inverse MMN , are symplectic, symmetric, negative definite matrices
encoding the non-minimal couplings of the scalars zi to the vector fields in the Lagrangian.
In particular MMN has the following block-structure:
M(φ) = (M(φ)MN ) ≡
(
(RI−1R+ I)ΛΣ −(RI−1)ΛΓ
−(I−1R)∆Σ (I−1)∆Γ
)
, (12)
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and the matrices I, R are those contracting the vector field strengths in (1). In terms of
this matrix the couplings of the scalar fields to the vectors in the equations of motion can
be written in a formally symplectic covariant form. To this end it is useful to introduce the
symplectic vector of electric field strengths and their magnetic duals:
FMµν =
(
FΛµν
GΛµν
)
; (13)
where GΛµν are the dual field strengths, functions of F
Λ
µν , of their Hodge duals and of the
scalar fields:
GΛµν ≡ −µνρσ ∂L
∂FΛρσ
= RΛΣ(z, z¯)FΣµν − IΛΣ(z, z¯) ∗FΣµν , (14)
and ∗FΛµν ≡ ed4 µνρσ FΛ ρσ.
The equations of motion for the vector fields can be written in the following compact
form:
dFM = 0 , ∗FM = −CMNMNP (z, z¯)FP , (15)
where we have used the exterior calculus notation with FM ≡ 12 FMµν dxµ∧dxν and last equation
is a formally symplectic covariant way of writing the definition of GΛµν .
We can deform the theory by introducing abelian electric-magnetic Fayet-Iliopoulos
terms, defined by a constant symplectic vector θM . This implies introducing a scalar po-
tential V (z, z¯) of the form:
V =
(
UMN − 3VM VN
)
θM θN = −1
2
θMMMN θN − 4VM VNθM θN . (16)
The reader can easily verify that the above potential can be expressed on terms of a complex
superpotential
W = VM θM , (17)
section of the U(1)-bundle, as follows:
V = gi¯DiW D¯W − 3 |W |2 . (18)
We can also define a real superpotential W = |W | in terms of which the potential reads:
V = 4 gi¯∂iW ∂¯W − 3W 2 . (19)
The scalar field equations can be written in the following form:
∇µ(∂µzi) + Γ˜ijk ∂µzj∂µzk −
1
8
gi¯ FMµν ∂¯MMN (z, z¯)FN µν + gi¯ ∂¯V = 0 , (20)
where ∇µ is the covariant derivative, only containing the space-time Christoffel symbol and
Γ˜ijk is the connection on the Ka¨hler manifold.
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Finally, the Einstein equations read:
Rµν = 2 ∂(µzi ∂ν)z¯ ¯ gi¯ +
1
2
FMµρMMN (z, z¯)FNνρ − V gµν . (21)
As pointed out earlier, the bundle structure defined on the scalar manifold allows to associate
with a generic isometry transformation of the latter, a Ka¨hler transformation and a constant
symplectic transformation, belonging to the structure groups, acting on the symplectic section
VM and its derivatives. From the explicit form of the bosonic field equations and of the scalar
potential, it is apparent that an isometry transformation of the scalar manifold is formally
an on-shell symmetry of the theory provided the corresponding symplectic transformation is
made to act on the electric field strengths and their magnetic duals as well as on the FI terms:
zi → z′ i(zj) :

VM (z′, z¯′) = ei Im(f) (S−1)NM VN (z, z¯) ,
θM → θ′M = SMN θN ,
FM → FM ′ = S−1 NM FN .
(22)
This formal invariance, however, involving a non-trivial transformation of the parameters of
the model, encoded in the FI terms, should be more appropriately regarded as an equivalence
between different theories.
In what follows we shall focus on a specific N = 2 model with FI terms and restrict to
a particular class of solutions which, as we shall see, will be mapped into one another by a
global symmetry of the model in spite of these involving a non-trivial duality transformation
on the FI terms.
2.2 The model
The theory under consideration is anN = 2 model with no hypermultiplets and a single vector
multiplet (nv = 1) containing a complex scalar field z. The special Ka¨hler manifold spanned
by z was considered in [18]. The geometry of the spacial Ka¨hler manifold is characterized by
a prepotential of the form:
F (XΛ) = − i
4
(X0)n (X1)2−n , (23)
the coordinate z being identified with the ratio X1/X0. For two special values of n the model
is a consistent truncation of the so-called STU model. The latter is an N = 2 supergravity
coupled to nv = 3 vector multiplets and characterized, in a suitable symplectic frame, by the
prepotential:
FSTU(X
Λ) = − i
4
√
X0X1X2X3 . (24)
The scalar manifold is symmetric of the form MSTU =
(
SL(2,R)/SO(2)
)3
and is spanned by
the three complex scalars zi = Xi/X0, i = 1, 2, 3. This model is in turn a consistent truncation
of the maximal theory in four-dimensions. For n = 1/2 the model under consideration is the
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so-called z3-model, whose manifold is SL(2,R)/SO(2) and is embedded in that of the STU
model through the identification z1 = z2 = z3 = z. For n = 1 the special Ka¨hler manifold
has still the form SL(2,R)/SO(2), which is now identified only with the first factor in MSTU,
i.e. z = z1.
After setting X0 = 1, the holomorphic section ΩM reads:
ΩM =

1
z
− i4 n z2−n
− i4 (2− n) z1−n
 , (25)
and the Ka¨hler potential K is computed using (16) and has the expression
e−K =
1
4
z1−n
(
n z − (n− 2) z¯)+ c.c. (26)
Writing z = eλφ + i χ , the truncation to the dilaton field φ
χ = 0 , FΛµν = 0 , (27)
is consistent provided:
(2− n) θ1 θ3 − n θ2 θ4 = 0 , (28)
which is clearly satisfied for the electric FI terms: θ3 = θ4 = 0.
The metric restricted to the dilaton field reads:
ds2 = 2 gzz¯ dz dz¯
∣∣
χ=dχ=0
=
1
2
λ2 n (2− n) dφ2 , (29)
and is positive provided 0 < n < 2. Choosing
λ =
√
2
n (2− n) , (30)
the kinetic term for φ is canonically normalized and the truncated action reads
S = − 1
8piG
∫
M
d4x ed
[
R
2
− 1
2
(∂φ)2 + V (φ)
]
. (31)
As a function of the dilaton only, the scalar potential has the following form:
V (φ) = − 2 eλφ (n−2)
(
2n− 1
n
θ21 + 4 θ1 θ2 e
λφ +
2n− 3
n− 2 θ
2
2 e
2λφ
)
−
− 1
8
e−λφ (n−2)
[
(2n− 1) n θ23 − 4 θ3 θ4 n (n− 2) e−λφ + (n− 2) (2n− 3) θ24 e−2λφ
]
.
(32)
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Note that the truncation is consistent at the level of scalar potential, but not of superpotential.
More specifically if we consider the real superpotential W in (19), one can check that, when
(28) holds:
∂
∂χ
W
∣∣∣∣
χ=0
6= 0 . (33)
As a consequence of this, the potential of our dilaton truncation cannot, generically, be ex-
pressed in terms of a real superpotential. We shall discuss below spherical solutions to this
model with AdS invariant boundary conditions. If the truncation admitted a real superpo-
tential, according to a conjecture of [21], the spherically symmetric solutions should belong
to theories where the energy is unbounded from below. This conjecture does not apply to our
case because we are mostly interested in the case where the superpotential is complex.
2.2.1 Symmetries
The potential is invariant under the simultaneous transformation
z → 1
z
, θ1 → ± n
4
θ3 , θ2 → ± 2− n
4
θ4 , θ3 → ∓ 4
n
θ1 , θ4 → ∓ 4
2− n θ2 , (34)
and this symmetry in the truncation to the dilaton field implies the transformation φ→ −φ.
Another invariance is obtained using
θ1 → ± n
4
θ4 , θ2 → ± 2− n
4
θ3 , θ3 → ∓ 4
n
θ2 , θ4 → ∓ 4
2− n θ1 , n→ 2− n . (35)
2.2.2 Vacua
Let us make the change of variable
φ → 1
λ
log x , (36)
in the potential (32), using also the consistent truncation condition (28)
θ2 =
2− n
n
θ1 θ3
θ4
. (37)
The resulting potential has the form:
V0(x) =
1
8n2 θ24
x−n
(
F (x)−G(x)) , (38)
where
F (x) = −16 θ21 x2n−2
[
(n− 2) (2n− 3) θ23 x2 − 4n (n− 2) θ3 θ4 x+ n (2n− 1) θ24
]
,
G(x) = n2 θ24
[
n (2n− 1) θ23 x2 + 4n (2− n) θ3 θ4 x+ (n− 2) (2n− 3) θ24
]
,
(39)
with the condition x > 0, to ensure the reality of the solution.
– 11 –
Now, if we want to find the vacua of the theory, we have to solve the equation
dV0(x)
dx
= 0 , (40)
where the derivative of the potential has the form:
dV0(x)
dx
=
n (n− 2) θ3
8xn+1
(
θ3 x− θ4
) (
h(x)− g(x)) , (41)
with
h(x) =
(
4 θ1
n θ4
)2 [
(3− 2n)x2n−1 + (2n− 1) θ4
θ3
x2n−2
]
,
g(x) = − (2n− 1)x− (3− 2n) θ4
θ3
.
(42)
We can easily see that one vacuum solution is given by
x1 =
θ4
θ3
if
θ4
θ3
> 0 , (43)
while other vacuum configurations come from the solutions of the equation
h(x) = g(x) . (44)
The above eq. (44) has a variable number of solutions, depending on the range of values to
which the number n belongs.
Table 1 summarizes the number, types and mass of vacuum solutions for each possible
interval of values of n.
– 12 –
0 < n <
1
2
θ4/θ3 < 0
θ4/θ3 > 0
1 Anti de Sitter
3 Anti de Sitter
m2 L = 6
m2 L = −2, 6
fig. 1.i
fig. 1.ii
n =
1
2
θ4/θ3 > 0 1 Anti de Sitter m
2 L = −2 fig. 1.iii
1
2
< n < 1
θ4/θ3 < 0
θ4/θ3 > 0
1 de Sitter
1 Anti de Sitter
m2 L = 6
m2 L = −2
fig. 1.iv
fig. 1.iii
n = 1 θ4/θ3 > 0 1 Anti de Sitter m
2 L = −2 fig. 1.iii
1 < n <
3
2
θ4/θ3 < 0
θ4/θ3 > 0
1 de Sitter
1 Anti de Sitter
m2 L = 6
m2 L = −2
fig. 1.iv
fig. 1.iii
n =
3
2
θ4/θ3 > 0 1 Anti de Sitter m
2 L = −2 fig. 1.iii
3
2
< n < 2
θ4/θ3 < 0
θ4/θ3 > 0
1 Anti de Sitter
3 Anti de Sitter
m2 L = 6
m2 L = −2, 6
fig. 1.v
fig. 1.vi
Table 1 : Vacuum types
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fig. 1.i fig. 1.ii
fig. 1.iii fig. 1.iv
fig. 1.v fig. 1.vi
Figure 1 : Vacua potential graphics
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3 Exact hairy black hole solutions
In this section we construct exact hairy black hole solutions to the dilaton-truncation of the
model that asymptote one of the previously discussed AdS vacua. After we redefine the
parameters to obtain the dilaton potential of [11, 13–15], we present the solutions, carefully
check the existence of the horizon, and study their thermodynamics.
3.1 A simplification of the potential
To this end, it is convenient to redefine the parameters of the model. First, we make a shift
in the scalar field
φ = ϕ− 2ν
λ (ν + 1)
ln (θ2 ξ) . (45)
Then we redefine the parameters of the FI terms and the parameter n as follows:
θ1 =
ν + 1
ν − 1 θ
− ν−1
ν+1
2 ξ
− 2ν
ν+1 , θ3 = 2α (ξ θ2)
ν−1
ν+1 s , θ4 =
2α
θ2 ξ s
, n = 1 + ν−1 , (46)
where we have introduced the new parameters α, ξ, s and ν. Next, it is convenient to express
ξ in terms of the AdS radius L:
ξ =
2Lν
ν − 1
1√
1− α2 L2 . (47)
Let us recall that the truncation to the dilaton is consistent provided equation (28) is satisfied.
In light of the new parametrization (46), this condition requires
(s2 − 1) (ν2 − 1)α
√
1− L2 α2 = 0 , (48)
which is solved, excluding values n = 0 and n = 2, either for pure electric FI terms (α = 0)
or for s = ±1. Since we are interested in dyonic FI terms, we shall restrict ourselves to the
latter case.
The potential now reads
V (ϕ) =− α
2
ν2
[
(ν − 1)(ν − 2)
2 s2
e−ϕ ` (ν+1) + 2(ν2 − 1) e−ϕ ` + s
2
2
(ν + 1)(ν + 2) eϕ ` (ν−1)
]
+
+
(
α2 − L−2
ν2
)[
(ν − 1)(ν − 2)
2
eϕ ` (ν+1) + 2(ν2 − 1) eϕ ` + (ν + 1)(ν + 2)
2
e−ϕ ` (ν−1)
]
,
(49)
where `2 = 2
ν2−1 . We are left with three coupling constants, as we have disposed of θ2 by
the redefinition (45) of the dilaton. The potential features a vacuum at ϕ = 0 :
V (0) = − 3
L2
,
dV (ϕ)
dϕ
∣∣∣∣
ϕ=0
= 0 ,
d2V (ϕ)
dϕ2
∣∣∣∣
ϕ=0
= − 2
L2
. (50)
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The scalar field mass is m2 = − 2
L2
and the theory is formally invariant under ν ↔ −ν, which
corresponds to the equivalence (35) and so, without loss of generality, we are going to consider
ν > 1.
In what follows, we shall restrict ourselves to this vacuum and obtain two classes of black
hole solutions. As we shall see below, the model features a duality invariance that acts on
the FI terms as an electric-magnetic duality transformation, leaving the vacuum at ϕ = 0
invariant. This feature implies that the corresponding class of black hole solutions should
also transform under the action of this duality.
3.2 Symmetries and solutions of the truncation
The theory is invariant under the change
ϕ → −ϕ , α2 → L−2 − α2 , (51)
which is remnant of (34) and thus leaves invariant the products of the θ−parameters
θ1 θ3 → θ1 θ3 , θ2 θ4 → θ2 θ4 (52)
and corresponds to switching between electric and magnetic frames.
We start from the following general ansatz for the metric:
ds2 = Υ(x)
[
f(x) dt2 − η
2
f(x)
dx2 − dΣk
]
, (53)
where x is the radial variable and dΣk is the metric on the horizon. The latter is a
two-dimensional manifold with constant curvature, fully characterized by its Ricci scalar
Rk = 2k/L
2, with k = 0,−L−2,+L−2 . The parameter η is the unique integration con-
stant of the system non-trivially related to the mass. The engineering dimension of η is
[η] = [M ]−1 = [L].
The Einstein equations yield the following set of differential equations for the functions
f(x), Υ(x):
(Υ f ′)′ = −2 η2 kΥ , (54)
(Υ f)′′ = −2 η2 Υ2 V , (55)
(ϕ′)2 =
1
2Υ2
(
3 (Υ′)2 − 2 Υ′′Υ) , (56)
where the prime symbol denotes the derivative with respect to x. The equation of motion of
the scalar field for this ansatz becomes
(Υ fϕ′)′ = η2 Υ2 ∂ϕV . (57)
The relation between the above ansatz and that considered in [18], characterized by the
functions X, Y, ψ and parameter β, can be obtained by the following redefinitions:
e2X = Υ f , e2Y = Υ , dr = Υ η dx , β =
L2 (ν2 − 1)
4νη2
. (58)
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We find two families of solutions, asymptoting the AdS vacuum at ϕ = 0, which we are going
to discuss in the following. They are related to each other through the action of the duality
(51).
3.2.1 Family 1
The functions ϕ(x), Υ(x), f(x) read
ϕ(x) = −`−1 ln(x) , Υ(x) = L
2ν2 xν−1
η2 (xν − 1)2 ,
f(x) =
x2−ν (xν − 1)2 η2 k
ν2
+ 1 + α2L2
[
−1 + x
2
ν2
(
(ν + 2)x−ν − (ν − 2)xν + ν2 − 4)] .
(59)
This family of solutions does not have a horizon when the magnetic gauging vanishes (α = 0).
The asymptotic region is located at the pole of order 2 of the conformal factor, namely
x = 1. The geometry and scalar field are singular at x = 0 and x = ∞. Therefore, the
configuration contains two disjoint geometries given by x ∈ (1,∞) or x ∈ (0, 1). These
geometries have an invariant characterization in terms of the scalar field:
x ∈ (0, 1) =⇒ ϕ ≥ 0 ,
x ∈ (1,∞) =⇒ ϕ ≤ 0 , (60)
and we shall call them the positive and the negative branch, accordingly.
Boundary conditions and mass: To compare with the AdS canonical coordinates, let us
consider the following fall off:
Υ(x) =
r2
L2
+O
(
r−2
)
. (61)
Comparing with the specific expression of our solution, we found that the asymptotic change
of coordinates that provides the right behaviour is
x = 1±
(
L2
r η
+ L6
1− ν2
24 (r η)3
)
+ L8
ν2 − 1
24 (r η)4
, (62)
where we take η > 0 and the ± sign depends on whether one takes the negative (+) or the
positive (−) branch. Accordingly, the scalar field behaves at the boundary as
ϕ = L2
ϕ0
r
+ L4
ϕ1
r2
+O
(
r−3
)
= ∓ L2 1
` η r
+ L4
1
2 ` η2 r2
+O
(
r−3
)
, (63)
where we have normalized ϕ0 and ϕ1 to match their conformal and engineering dimension.
In the canonical coordinates, we can now easily read off the coefficients of the leading and
subleading terms in the scalar boundary expansion
ϕ0 = ∓ 1
` η
, ϕ1 =
`
2
ϕ20 , (64)
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which correspond to boundary conditions that are AdS invariant. In this case, since the
boundary conformal symmetry is preserved, the black hole mass [23] can be read off from
the metric (53). To do that, let us consider the asymptotic expansion of the other metric
components:
gtt =
r2
L2
+ k L2 − µ1L
4
r
+O
(
r−2
)
, (65)
grr =− L
2
r2
− L6 k + ϕ
2
0/2
r4
+O
(
r−5
)
, (66)
where
µ1 = ±
(
ν2 − 4
3 η3
α2 L2 − k
η
)
, (67)
and we have taken η > 0. Thus, the black hole mass is
M = L4
µ1 σk
8piG
, (68)
where, for convenience, σk = L
−2 ∫ dΣk is defined to be dimensionless. Concretely the values
are σ1 = 4pi and σ−1 = 8pi(g − 1), where g ≥ 2 is the genus of a compact negative constant
curvature manifold. When ν < 2, only the positive branch exists and the mass is positive,
but for ν > 2 both branches can have positive mass. The case with ν = 2 should be treated
separately. In the boundary, after discarding the conformal factor, the dual field theory lives
on a manifold of radius L and, consequently, the energy density is
ρ =
L2
8piG
µ1 . (69)
Location of the horizon: Let us, for the sake of simplicity, start focusing on the case
of spherical topology (k = L−2). The boundary is located at x = 1 where the conformal
factor blows up and the dilaton value vanishes. One way to check if there exist a horizon
is to investigate if f(x) changes its sign (in the boundary, f(x = 1) = 1). By verifying its
expression close to the singularities, we get
x < 1 ν < 2 f(x = 0) = 1− α2L2 ,
x < 1 ν > 2 f(x = 0) =
[
η2 k + α2L2 (ν + 2)
] x2−ν
ν2
,
x > 1 ν 6= 2 f(x = +∞) = [η2 k − α2L2 (ν − 2)] x2+ν
ν2
.
(70)
From this analysis, we conclude that there are black holes only for ϕ0 < 0 and
η2 k − α2L2 (ν − 2) < 0 , (71)
which requires that ν > 2. The existence of a horizon implies that the energy density is
positive:
ρsph =
L2
8piG
(
ν2 − 4
3 η3
α2L2 − 1
ηL2
)
>
1
8piG
ν − 1
3 η
>
1
24piGL2
ν − 1
|α| √ν − 2 . (72)
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Hence, we have shown that on our configurations regularity implies positivity for the energy.
The energy is bounded from below uniquely in terms of the parameters of the action. This has
a form of a positive energy theorem without using spinorial techniques. Indeed, this analysis
needs to be complemented by showing that there is no additional branch of solutions for this
set of boundary conditions, but that lies outside the scope of our paper.
A detailed study of regularity: Let us consider the different values of the parameters
for which regular solutions in the family under consideration exist.
 k = 0 . The function f(x) has only one zero for ν > 2 in the region x > 1, which
defines the position of the horizon. Positivity of the energy requires η > 0. For ν ≤ 2
there is no horizon.
 k = L−2 . Let us define the parameter a = 2+ k η2
α2 L2
. We have the following two cases:
◦ ν > a : the function f(x) has only one zero in the region x > 1. Positivity of the
energy requires η > 0. This implies the existence of a regular black hole;
◦ ν ≤ a : there is no horizon.
 k = −L−2 . With reference to the parameter a previously defined, we distinguish
among the following cases:
◦ ν > max(|a|, 2) :
the function f(x) has only one zero in the region x > 1. Positivity of the energy
requires η > 0;
◦ |a| < ν < 2 :
we have a zero of f(x) for x > 1 and the mass is positive for suitable values of η;3
◦ −a < ν < a :
f(x) can have no zeros or two zeros (which may coincide), for x > 1. In the former
case there is no regular solution. The mass is always negative;
◦ ν < −a and ν < 2 :
f(x) can have either two zeros for x < 1 and one zero for x > 1, or only one zero
for x > 1. The mass is positive for x > 1, η > L2
√
2 + ν |α|;
◦ ν < −a and ν > 2 :
f(x) has one zero in the region x < 1 and one in the region x > 1. In the latter
case the mass is positive provided η > L2
√
2 + ν |α|;
◦ ν = 2 and η2 < 4L2 :
3 The condition on η is
√
4−ν2
3
L2 |α| < η < L2√2 + ν |α|;
– 19 –
f(x) has only one zero in the region x > 1 and the mass is positive provided
0 < η < 2L;
◦ ν = 2 and η2 > 4L2 :
f(x) has two zeros, one in the region x < 1 and one in the region x > 1. Positivity
of mass for x > 1 requires η > 2L;
◦ ν = −a : there exists a zero of f(x) for x > 1 and the mass is positive there for
η > L2|α|;
◦ ν = a : there is just one zero of f(x) in the region x > 1 and the mass is negative.
Thermodynamics: We can obtain the relevant thermodynamic quantities and show that,
as expected, the first law is satisfied without including scalar charge. The hair is ‘secondary’
in the sense that there is no additional integration constant associated with it. Using the
usual analytic continuation to the Euclidean section, the temperature of the hairy black hole
is given by the periodicity of the Euclidean time, β, as
T =
1
β
=
L2
4pi
xν+ − 1
η ν2 xν−1+
[
(ν + 2)
(
α2L2 (ν − 2)− η2 k) xν+ − (ν − 2) (α2L2 (ν + 2) + η2 k) ] ,
(73)
where x+ is the solution of f(x+) = 0.
By a similar rescaling as in (69), the entropy density of the dual field theory becomes
s =
ν2 xν−1+
η2
(
xν+ − 1
)2 14G . (74)
and one can check that the first law is indeed satisfied:
δρ = T δs . (75)
Using the mass, entropy, and temperature computed before, we also obtain the free energy
density:
F = M − T S =
[
−α
2L2
(
ν2 − 4)
6 η3
+
k ν(xν+ + 1)
2η
(
xν+ − 1
)] σkL4
8piG
. (76)
As an independent check, in Section 4.2, we are going to compute the regularized action and
show that it matches the thermodynamic result (76). We would also like to emphasize that,
for k = L−2, the free energy is also bounded from below:
F >
1
6G
ν − 1
|α| √ν − 2 . (77)
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3.2.2 Family 2
The conformal factor Υ(x) and the ansatz are the same as for the first family (59). Then, we
perform the symmetry transformation (51) to find the following new configuration:
ϕ = `−1 ln(x) , Υ(x) =
L2ν2 xν−1
η2 (xν − 1)2 ,
f(x) =
x2−ν (xν − 1)2 η2 k
ν2
+ 1 + (1− α2L2)
[
−1 + x
2
ν2
(
(ν + 2)x−ν − (ν − 2)xν + ν2 − 4)] .
(78)
These two families are, in general, not diffeomorphic. In fact, in the limit α = 0, the horizon
disappears for k = L−2 and the black hole solutions of Family 1 become naked singularities.
However, in the same limit α = 0, there still exists a horizon for x > 1 and ν > 2, and so the
black hole solutions of Family 2 are regular in this limit. We emphasize that the scalar field
is now positive when x > 1 and negative when x < 1.
Boundary conditions: Using the change of coordinates (62), we can again explore the
boundary conditions of the new hairy black hole solutions. We see that the boundary condition
flips its sign:
ϕ1 = − `
2
ϕ20 , (79)
while the source is still positive or negative, depending on whether the scalar field is positive
or negative. A similar computation for the mass yields the following expression:
M =
L4µ2 σk
8piG
, µ2 = ±
[(
1− α2L2) (ν2 − 4)
3 η3
− k
η
]
. (80)
Location of the horizon: The behaviour of gtt around the singularity can be extracted
from the analysis of Family 1 and from the symmetry transformation (51). Interestingly,
there exist regular hairy black hole solutions for ϕ0 > 0 and
η2 k − (1− α2L2) (ν − 2) < 0 , (81)
which again requires ν > 2. In this case, and for spherical topology, we also found that the
existence of a horizon implies that the mass is positive, with a dual bound:
ρsph =
L2
8piG
[
ν2 − 4
3 η3
(1− α2L2)− 1
ηL2
]
>
1
8piG
ν − 1
3 η
>
1
24piGL
ν − 1√
1− α2L2√ν − 2 . (82)
The thermodynamics can be done along the same lines as discussed for Family 1.
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4 Holography of hairy black holes
In this section we interpret the hairy black hole solutions in the context of AdS/CFT duality.
We start with a a brief review of mixed boundary conditions for scalar fields and their holo-
graphic interpretation. Then, after we obtain the regularized Euclidean action that provides
a valid variational principle on the gravity side, we show that the solutions presented in the
previous section correspond to RG flows generated by triple-trace deformations of the dual
field theory.
4.1 Dual field theory
The standard AdS/CFT dictionary identifies the saddle point approximation of the gravita-
tional action with the large N limit of the partition function of the dual field theory
e−
L2
κ
w(J) =
〈
eN
3/2 C ∫ d3x J(x)O(x)√γ〉 = ∫ [dΦ] G(Φ) e−S[Φ]+N3/2 C ∫ d3x J(x)O(x)√γ , (83)
where κ = 8piG and the relation
L2
κ
=
√
2N3/2K1/2
12pi
≡ N3/2 C (84)
has been used, with K the Chern-Simons level of the ABJM theory [66, 67] (see [68] for
an earlier related work). The term L
2
κ w(J) is the Euclidean gravitational action with the
conformal boundary metric representative γµν and, in the large N limit, w(J), O(x), and
J(x) are of order one.
Consider a single trace operator, O, dual to a bulk field:
− 1√
γ
δw(J)
δJ
∣∣∣∣
J=0
= 〈O〉J , (85)
Since the path integral has a saddle point at large N , the corrections are suppressed as 1/N
and so
〈Op〉 = 〈O〉p , (86)
for any p ∈ N. Using the large N factorization, whenever the function W (O) has a Taylor
expansion around its vacuum expectation value (VEV) 〈O〉J = ϕ1, we have that
〈W (O)〉J = W (ϕ1) +W ′(ϕ1)
〈
(O − ϕ1)
〉
J
, (87)
where we have kept the trivial 〈O − ϕ1〉J ≡ 0 linear term. We can then rewrite (83)〈
eN
3/2 C ∫ d3x J(x)O(x)〉 = 〈eN3/2 C ∫ d3x [J O+W (O)−(W (ϕ1)+W ′(ϕ1) (O−ϕ1))]√γ〉 , (88)
4 In general, the right normalization for the CFT VEV is 〈O〉J = (∆+ −∆−)ϕ1, where ϕ1 is the coefficient
of the faster fall-off branch in the scalar field [69]. All the scalar fields of maximal gauged supergravity have
∆+ −∆− = 1 around the maximally supersymmetric vacuum in four dimensions.
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and, as in [70], we define the deformed current JW ≡ J −W ′ (ϕ1) to obtain
e−
L2
κ
w¯(JW ) = e−
L2
κ [w(J)−
∫
d3x (W (ϕ1)−ϕ1W ′(ϕ1))√γ] =
〈
eN
3/2 C ∫ d3x (JW O+W (O))√γ〉 . (89)
Let us now apply this ‘holographic prescription’ to the case of interest, namely a scalar
field with both modes normalizable. It follows that one can have two possible theories [69]:
the standard AdS/CFT prescription associates to the scalar field an operator of conformal
dimension 2, while the alternative theory associates an operator of conformal dimension 1. In
other words, the theories interchange the source ϕ0 and the expectation value ϕ1, defined by
their fall-off in (63). Therefore, their generating functionals of connected correlation functions
must be related by a Legendre transform, which is analogue to the quantum effective action.
Correspondingly, we introduce the notation:
Γ(ϕ1) =
[
w(ϕ0) +
∫
d3xϕ0 ϕ1
√
γ
]
ϕ1 = − δwδϕ0
1√
γ
, (90)
where we have used 〈O〉J = ϕ1 and J = ϕ0. The effective action, deformed by a function
W¯ (ϕ0), is just
Γ(J¯W¯ ) = w (ϕ0) +
∫
d3x
[
W¯ (ϕ0)− ϕ0 W¯ ′(ϕ0) + ϕ0ϕ1
] √
γ , (91)
where we have used the deformed source J¯W¯ = ϕ1 − W¯ ′(ϕ0). However, it should be stressed
that the dictionary is slightly different in this case. Indeed, to identify ϕ0 as the VEV and
ϕ1 is necessary to flip the sign in the exponent of the CFT side of the correspondence (83)
e−
L2
κ
Γ(J¯W¯ ) =
〈
e−N
3/2 C ∫ d3x (J¯W¯ O(x) +W¯ (O))√γ〉 (92)
4.2 Euclidean action and variational principle
In this section we closely follow [24] and consider the regularized Euclidean action
Ie [ge, ϕ] =
1
2κ
∫
M
d4x
√
ge
[
−R
2
+
1
2
(∂ϕ)2 + V (ϕ)
]
− 1
κ
∫
∂M
d3x
√
hK + Ict + Iϕ (93)
that renders the free energy finite and a well posed variational principle. The usual Einstein-
dilaton action was supplemented by the gravitational counterterm Ict [71–74] and scalar field
counterterm Iϕ [24, 70]:
Ict =
2
κ
∫
d3x
√
h
[
1
L
+
L
4
R(h)
]
Iϕ =
1
κ
∫
∂M
d3x
√
h
ϕ2
2L
− L
2
κ
∫
∂M
d3x
√
γ
[
W (ϕ1)− ϕ1W ′(ϕ1)
] (94)
Our conventions are
hµν = gµν − nµnν , 2Kµν = Ln hµν = ∇µnν +∇νnµ , γµν = L
2
r2
hµν (95)
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where nµ is the outwards-pointing normal, hµν is the induced metric, K = hµν K
µν is the trace
of the extrinsic curvature, L is the AdS4 radius, and γµν is the metric of the geometry where
the dual field theory lives. The local counterterm cancels the divergences and its holographic
interpretation is standard [69]. The finite counterterm is included as follows from the large
N factorization of the previous section.
It is instructive to check that the action (93) is stationary under all variations that
preserve the mixed boundary conditions of the scalar field. Let us start with the metric
ansatz
ds2 = N(r) dt2 +G(r) dr2 + S(r) dΣk , (96)
and the following asymptotic behavior:
N(r) =
r2
L2
+ k L2 − µL
4
r
+O(r−3) , (97.i)
G(r) =
L2
r2
− L
6
(
ϕ20 + 2 k
)
2 r4
+
b L8
r5
+O(r−6) , (97.ii)
S(r) =
r2
L2
+O(r−3) , (97.iii)
The asymptotic expansion of the dilaton potential and fall-off of the scalar field are
V (ϕ) = − 3
L2
− ϕ
2
L2
+O(ϕ4) , ϕ = L2
ϕ0
r
+ L4
ϕ1
r2
+O(r−3) , (98)
where the factors of L have been introduced to match the conformal and engineering dimen-
sions of ϕ0, ϕ1, and µ. Thus, the variation of the action yields
δIe =
1
κ
∫
d3x
√
h δϕ
(
nµ ∂µϕ+
ϕ
L
)
+
L2
κ
∫
∂M
d3x
√
γ ϕ1W
′′(ϕ1) δϕ1 , (99)
By using the fall-off (97.ii) and (98), we obtain
nµ ∂µϕ+
ϕ
L
= − L3 ϕ1
r2
+O(r−3) , (100.i)
δϕ = L2
δϕ0
r
+ L4
δϕ1
r2
+O(r−3) . (100.ii)
We replace
√
h =
(
r
L
)3√
γ and the expressions (100.i), (100.ii) in (99), then take the limit for
r →∞, and obtain
δIe =
L2
κ
∫
d3x
√
γ
[−δϕ0 +W ′′(ϕ1) δϕ1] ϕ1 ≡ −L2
κ
∫
d3x
√
γ ϕ1 δJW , (101)
where we have identified the modified source JW = ϕ0 − W ′(ϕ1) of the previous section.
Hence, the action has an extremum when the source is fixed:
ϕ0 = W
′(ϕ1) . (102)
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The VEV of the operator with conformal dimension 2 is given by ϕ1. However, following
the standard results of the previous section when the both modes are normalizable, one can
also consider ϕ1 as the source and ϕ0 as the VEV. In this case, the corresponding finite
counterterm is
+
L2
κ
∫
∂M
d3x
√
γ
[
W¯ (ϕ0)− ϕ0 W¯ ′(ϕ0) + ϕ1 ϕ0
]
(103)
and the variation of the action yields
δIe =
L2
κ
∫
d3x
√
γ
[
δϕ1 − W¯ ′′(ϕ0) δϕ0
]
ϕ0 ≡ L
2
κ
∫
d3x
√
γ ϕ0 δJW¯ . (104)
Therefore, in the alternative deformed theory, ϕ0 is the VEV and the source is JW¯ = ϕ1 −
W¯ ′(ϕ0). The boundary condition is
ϕ1 = W¯
′(ϕ0) . (105)
We end this section by pointing out that, as expected, the black hole free energy (76) is
related to the regularized Euclidean action by Ie = β F , but we do not present the details
here.
4.3 Holographic interpretation
From the point of view of the field theory, the black holes we induce a triple trace deformation
of the operator with conformal dimension ∆ = 1:
ϕ1 = ± `
2
ϕ20 =⇒ W¯ (ϕ0) = ±
`
6
ϕ30 , (106)
where the upper sign corresponds to the first family of hairy black hole solutions, (64), and
lower sign to the second one, (79). Let us recall that for spherical and planar black holes,
the regularity condition implies that for the first family, ϕ0 < 0, and for the second one,
ϕ0 > 0. Therefore, we conclude that the deformation yields sensible infrared dynamics only
when W¯ (ϕ0) < 0. This boundary condition makes the on-shell Euclidean action of a probe
field more negative, as it is shifted by the quantity
Icft → Icft + L
2
κ
∫ √
γ W¯ (ϕ0) , (107)
Since the two possible deformations are mapped to each other by the bulk electromagnetic
duality, a self-dual deformation that contains the full space of black hole solution (with the
corresponding boundary conditions) can be written as
W¯ (ϕ0) = − `
6
|ϕ0|3 . (108)
The existence of this kind of triple trace deformations, but without the absolute value, was
already argued to be necessary to fit the three point functions of ABJM theory at Chern-
Simons level K = 1 [75].
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5 N = 8 truncations
In this section we briefly discuss the embedding of our models within maximal four-
dimensional supergravity. The original SO(8) gauging of N = 8, D = 4 supergravity
[33, 76] and its generalizations to non-compact/non-semisimple gauge groups CSO(p, q, r),
p + q + r = 8, [77, 78], were recently shown to be part of a much broader class of gauged
maximal theories [32, 60–63], also, somewhat improperly, referred to as “dyonic” gaugigns,
see [4] for a review. Their construction was effected by exploiting, in the maximal theory, the
freedom in the initial choice of the symplectic frame, namely of the basis of the symplectic
duality representation of the 56 electric and magnetic charges. By gauging, for instance,
the same SO(p, q) group, p + q = 8, in different symplectic frames, obtained by rotating the
original one of [76] by a suitable symplectic matrix, a one-parameter class of inequivalent
theories with gauge group SO(p, q) were constructed. These are named SO(p, q)ω models, or
ω-deformed SO(p, q) models, where ω is the angular variable parametrizing the symplectic
frame. Although their string/M-theories origin is as yet obscure, they feature a much richer
vacuum structure than their original counterparts [33, 76–78] corresponding to the value ω = 0
of the angular parameter.
Global symmetries of the ungauged N = 8, D = 4 supergravity restrict the range of ω
corresponding to inequivalent models:
ω ∈
[
0,
pi
8
]
, SO(8) and SO(4, 4) ,
ω ∈
[
0,
pi
4
]
, all other SO(p, q) groups . (109)
The infinitely many theories we have described so far contain all the possible one-dilaton
consistent truncations of the ω-deformed SO(8) gauged maximal supergravities. This can
seen with the change of variables
α = L−1 sin(ω) . (110)
The scalar field potential now reads
V (ϕ) = cos2(ω) Q(ϕ) + sin2(ω) Q(−ϕ) , (111)
where
Q(ϕ) = − L
−2
ν2
[
(ν − 1)(ν − 2)
2
e−ϕ ` (ν+1) + 2(ν2 − 1) e−ϕ ` + 1
2
(ν + 1)(ν + 2) eϕ ` (ν−1)
]
.
(112)
Note that now the self-duality invariance of the potential is simply
ω → ω + pi
2
, ϕ → −ϕ . (113)
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The truncations can be characterized by the breaking of the SO(8) gauge group to the fol-
lowing stabilizers of the dilatonic field ϕ
ν = 43 → SO(7) ,
ν = 2 → SO(6)× SO(2) ,
ν = 4 → SO(5)× SO(3) ,
ν =∞ → SO(4)× SO(4) .
(114)
When ν =∞ or ν = 2 one must also set ω = 0 to have an embedding in N = 8 supergravity.
This allows to consistently uplift our solutions to corresponding ω-rotated models. Exact
examples of these black holes have been analyzed in [79].
6 Conclusions
Since the paper is self-contained with detailed computations and interpretations, we briefly
discuss our results and present possible future directions.
An advantage of working with exact hairy solutions in gravity theories with scalar fields
(and developing techniques for constructing new ones) is that it is possible to directly identify
some of their generic features. For all exact solutions constructed in this paper, there exists
only one integration constant that is related to the black hole mass. As expected, since the
hair degrees of freedom are leaving outside the horizon, there is no conserved charge associated
to the scalar field and so the hair is ‘secondary’.
In flat space, it was shown [80] that once the boundary conditions are not fixed and the
asymptotic value of the dilaton, φ∞, can vary, the first law of black hole thermodynamics
should be supplemented by a new term Σ dφ∞, where Σ is the scalar charge. One problem
with this proposal is that, in string theory, the scalar fields (moduli) are interpreted as local
coupling constants and so a variation of their boundary values is equivalent to changing the
couplings of the theory (see [81, 82] for a detailed discussion on scalar charges). In some
specific examples (when the boundary conditions break conformal invariance), attempts to
write the first law of AdS hairy black hole failed and so one could then ask if there should
be a similar term (depending of the scalar charge) in AdS spacetime [83]. The resolution of
the puzzle was given in [23], where it was shown that, when the conformal symmetry of the
boundary is broken, the Hamiltonian mass has a non-trivial contribution from the scalar field
and the first law is satisfied once this contribution is considered.5 Since the hairy solutions
presented in this paper preserve the conformal symmetry in the boundary, their mass can be
easily read-off from the metric [23] and it can be explicitly checked that there is no need to
modify the first law by adding scalar charges.
5 The same conclusion can be drawn from [84], where a concrete relation between the boundary and horizon
data was obtained for hairy black holes to show that there is no independent integration constant associated
with the scalar field and from [24] where the boundary conditions that break conformal invariance were studied
in detail.
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We have obtained two distinct families of black hole solutions that correspond to the static
scalar field with triple-trace boundary conditions. In the limit when there is no backreaction, if
the boundary CFT is perturbed by an operator of dimension ∆ the corresponding coupling will
have dimension d−∆ and, for our case ∆ = 1, the deformation W¯ (ϕ0) = `6 |ϕ30| will increase
the energy (see, also [85], for another concrete example but for a double trace deformation).
It is not clear whether the same conclusion can be drawed in the backreacting case. The
backreaction modifies the gravitational contribution to the energy [84, 86]. We leave a more
detailed analysis and possible AdS/CMT applications for future work.
We now turn to consider a holographic application and put some emphasis on the physical
interpretation of dilaton potential’s parameters. Given the holographic connection between
the radius in the bulk and energy scale in the boundary theory, we can interpret our black hole
solutions as describing RG flows of deformed dual conformal field theory. By considering a
variation of the parameter ν, which is a parameter of the theory (not an integration constant
of the solution), the deformation should be affected. Since the conformal mass of the dilaton
does not change, the conformal dimensions (∆± = 2, 1) of the operators are invariant, the
exact black hole solutions can be interpreted as triple-trace deformations of the dual field
theory with the parameter ν controlling its strength (106), where `2 = 2/(ν2 − 1). Following
[87] (see, also, [88] for a similar computation in four dimensions), we use the null energy
condition to compute the c-function on the gravity side
C(x) = C0
[
x
ν+1
2
ν − 1 + xν(ν + 1)
]2
(115)
where C0 is a constant that can be, in principle, fixed by comparing the boundary value, at
x = 1, with the central charge of the dual field theory. This function is non-trivial, except for
the following values of the parameter, ν = {−1, 1}. As expected, this result fits nicely with
the supergravity embedding because the parameter ν is related to the parameter n in (29) as
n = 1 + 1/ν and so, for n = {0, 2}, the metric of the moduli space vanishes. In this case the
flow is trivial and corresponds to the usual Schwarzschild black hole in AdS spacetime.
It is important to emphasize that, unlike even dimensions, a definition of the c-function
for a three dimensional field theory is more subtle because the trace of the stress tensor
vanishes. However, a proposal for odd dimensions was put forward by Myers and Sinha in
[89]. That is, the central charge is related to the coefficient of a universal contribution to the
entanglement entropy of the dual field theory. Since we have a concrete embedding in SUGRA
for our exact hairy black hole solutions, it would be interesting to check the result of [89]
in this particular case. Another interesting direction for the future would be to investigate
consistent SUGRA truncations when the gauge fields are turned on and to construct exact
black hole solutions. In the extremal limit, the near horizon geometry of a static black hole
is AdS2×S2 and one can apply, for example, the quantum entropy function of Sen [90, 91] to
get the central charge at the IR fixed point. Some similar examples, but in a different context,
were recently presented in [92–94] and their holographic microstate counting in [95, 96].
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We have shown that on the solutions we have presented here, regularity implies positivity
of the energy. An open question is whether the same is true for all black hole solutions of
the theory for these boundary conditions. In the case of double trace deformation and a
truncation of type IIB supergravity this was shown to be the case for planar black holes in
[84]. It would be interesting to do the same for the maximal supergravity in four dimensions.
Finally, we would like to emphasize that a similar potential can be used in five dimensions
to construct exact regular hairy black hole solutions [12], though a similar SUGRA construc-
tion with FI terms is not possible and it is not clear yet if the scalar field potential can be
again obtained from a consistent SUGRA truncation.
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A Lagrangian e matrices
In this appendix we write the explicit form of the matrices IΛΣ, RΛΣ in terms of the scalars.
The bosonic Lagrangian, with κ = 8piG = 1, reads
1
ed
Lb =
R
2
− 1
2
gzz¯ ∂µz ∂
µ +
1
4
IΛΣ F Λµν FΣµν +
1
4
RΛΣ F Λµν ?FΣµν , (A.1)
?F Λµν =
ed
2
µνρσ F
Λρσ . (A.2)
RΛΣ =
(
R11 R12
R21 R22
)
, (A.3)
with
R11 = i
8
n z−n z¯−n (A11 −B11) ,
R12 = R21 = i
8
n (n− 2)
(
z2−n z¯n − zn z¯2−n − (n− 1) (z2 − z¯2) ) (A12 +B12) ,
R22 = i
8
(n− 2) z−n z¯−n (A22 −B22) ,
(A.4)
and
IΛΣ =
(
I11 I12
I21 I22
)
, (A.5)
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with
I11 = − 1
8
n z−n z¯−n (A11 +B11) ,
I12 = I21 = 1
8
n (n− 2)
(
zn z¯2−n − z2−n z¯n − (n− 1) (z2 − z¯2) ) (A12 −B12) ,
I22 = − 1
8
(n− 2) z−n z¯−n (A22 +B22) ,
(A.6)
A11 =
2 zn+2 z¯n+1
(
(n− 2)n z − (n− 1)2 z¯
)
+ (n− 2) z¯2 z2n+2 − n z4 z¯2n
zn
(
(n− 2)(n− 1) z2 + (n− 1)n z¯2 − 2n (n− 2) z z¯
)
+ 2 z2 z¯n
,
A12 = z¯
(
2 z¯2 zn + z¯n
(
n (n− 1) z2 + (n− 2)(n− 1) z¯2 − 2n (n− 2) z z¯
))−1
,
A22 =
−2 zn z¯n+1
(
(n− 1)2 z¯ − n (n− 2) z
)
+ (n− 2) z¯2 z2n − n z2 z¯2n
2 z¯2 zn + z¯n
(
n (n− 1) z2 + (n− 2)(n− 1) z¯2 − 2n (n− 2) z z¯
) ,
B11 = A11(z ↔ z¯) , B12 = A12(z ↔ z¯) , B22 = A22(z ↔ z¯) .
(A.7)
– 30 –
References
[1] J. M. Maldacena, “The Large N limit of superconformal field theories and supergravity”, Int. J.
Theor. Phys. 38 (1999) 1113–1133, [hep-th/9711200]. [Adv. Theor. Math. Phys.2,231(1998)].
[p. 3]
[2] S. S. Gubser, I. R. Klebanov, and A. M. Polyakov, “Gauge theory correlators from noncritical
string theory”, Phys. Lett. B428 (1998) 105–114, [hep-th/9802109]. [p. 3]
[3] E. Witten, “Anti-de Sitter space and holography”, Adv. Theor. Math. Phys. 2 (1998) 253–291,
[hep-th/9802150]. [p. 3]
[4] M. Trigiante, “Gauged Supergravities”, Phys. Rept. 680 (2017) 1–175, [arXiv:1609.0974].
[p. 3, 6, 26]
[5] A. Ishibashi and R. M. Wald, “Dynamics in nonglobally hyperbolic static space-times. 3.
Anti-de Sitter space-time”, Class. Quant. Grav. 21 (2004) 2981–3014, [hep-th/0402184]. [p. 3]
[6] T. Hertog and G. T. Horowitz, “Designer gravity and field theory effective potentials”, Phys.
Rev. Lett. 94 (2005) 221301, [hep-th/0412169]. [p. 3]
[7] E. Witten, “Multitrace operators, boundary conditions, and AdS / CFT correspondence”,
hep-th/0112258. [p. 3]
[8] M. Henneaux, C. Martinez, R. Troncoso, and J. Zanelli, “Black holes and asymptotics of 2+1
gravity coupled to a scalar field”, Phys. Rev. D65 (2002) 104007, [hep-th/0201170]. [p. 3]
[9] C. Martinez, R. Troncoso, and J. Zanelli, “Exact black hole solution with a minimally coupled
scalar field”, Phys. Rev. D70 (2004) 084035, [hep-th/0406111]. [p. 3]
[10] T. Hertog and K. Maeda, “Black holes with scalar hair and asymptotics in N = 8 supergravity”,
JHEP 07 (2004) 051, [hep-th/0404261]. [p. 3]
[11] A. Anabalon, “Exact Black Holes and Universality in the Backreaction of non-linear Sigma
Models with a potential in (A)dS4”, JHEP 06 (2012) 127, [arXiv:1204.2720]. [p. 3, 4, 15]
[12] A. Acena, A. Anabalon, and D. Astefanesei, “Exact hairy black brane solutions in AdS5 and
holographic RG flows”, Phys. Rev. D87 (2013), n. 12, 124033, [arXiv:1211.6126]. [p. 3, 29]
[13] A. Anabalon, D. Astefanesei, and R. Mann, “Exact asymptotically flat charged hairy black holes
with a dilaton potential”, JHEP 10 (2013) 184, [arXiv:1308.1693]. [p. 3, 4, 15]
[14] A. Anabaln and D. Astefanesei, “On attractor mechanism of AdS4 black holes”, Phys. Lett.
B727 (2013) 568–572, [arXiv:1309.5863]. [p. 3, 4, 15]
[15] A. Acea, A. Anabaln, D. Astefanesei, and R. Mann, “Hairy planar black holes in higher
dimensions”, JHEP 01 (2014) 153, [arXiv:1311.6065]. [p. 3, 4, 15]
[16] X.-H. Feng, H. Lu, and Q. Wen, “Scalar Hairy Black Holes in General Dimensions”, Phys. Rev.
D89 (2014), n. 4, 044014, [arXiv:1312.5374]. [p. 3]
[17] Q. Wen, “Strategy to Construct Exact Solutions in Einstein-Scalar Gravities”, Phys. Rev. D92
(2015), n. 10, 104002, [arXiv:1501.0282]. [p. 3]
[18] F. Faedo, D. Klemm, and M. Nozawa, “Hairy black holes in N = 2 gauged supergravity”, JHEP
11 (2015) 045, [arXiv:1505.0298]. [p. 3, 4, 5, 9, 16]
– 31 –
[19] Z.-Y. Fan and H. Lu, “Static and Dynamic Hairy Planar Black Holes”, Phys. Rev. D92 (2015),
n. 6, 064008, [arXiv:1505.0355]. [p. 3]
[20] O. Kichakova, J. Kunz, E. Radu, and Y. Shnir, “Static black holes with axial symmetry in
asymptotically AdS4 spacetime”, Phys. Rev. D93 (2016), n. 4, 044037, [arXiv:1510.0893].
[p. 3]
[21] T. Hertog, “Towards a Novel no-hair Theorem for Black Holes”, Phys. Rev. D74 (2006)
084008, [gr-qc/0608075]. [p. 3, 11]
[22] T. Hertog and K. Maeda, “Stability and thermodynamics of AdS black holes with scalar hair”,
Phys. Rev. D71 (2005) 024001, [hep-th/0409314]. [p. 3]
[23] A. Anabalon, D. Astefanesei, and C. Martinez, “Mass of asymptotically antide Sitter hairy
spacetimes”, Phys. Rev. D91 (2015), n. 4, 041501, [arXiv:1407.3296]. [p. 3, 18, 27]
[24] A. Anabalon, D. Astefanesei, D. Choque, and C. Martinez, “Trace Anomaly and Counterterms
in Designer Gravity”, JHEP 03 (2016) 117, [arXiv:1511.0875]. [p. 3, 23, 27]
[25] H. Lu, C. N. Pope, and Q. Wen, “Thermodynamics of AdS Black Holes in Einstein-Scalar
Gravity”, JHEP 03 (2015) 165, [arXiv:1408.1514]. [p. 3]
[26] T. Hertog and S. Hollands, “Stability in designer gravity”, Class. Quant. Grav. 22 (2005)
5323–5342, [hep-th/0508181]. [p. 3]
[27] A. J. Amsel, T. Hertog, S. Hollands, and D. Marolf, “A Tale of two superpotentials: Stability
and instability in designer gravity”, Phys. Rev. D75 (2007) 084008, [hep-th/0701038].
[Erratum: Phys. Rev.D77,049903(2008)]. [p. 3]
[28] T. Faulkner, G. T. Horowitz, and M. M. Roberts, “New stability results for Einstein scalar
gravity”, Class. Quant. Grav. 27 (2010) 205007, [arXiv:1006.2387]. [p. 3]
[29] D. Nunez, H. Quevedo, and D. Sudarsky, “Black holes have no short hair”, Phys. Rev. Lett. 76
(1996) 571–574, [gr-qc/9601020]. [p. 3]
[30] A. Anabalon and D. Astefanesei, “Black holes in ω-defomed gauged N = 8 supergravity”, Phys.
Lett. B732 (2014) 137–141, [arXiv:1311.7459]. [p. 3, 4]
[31] H. L, Y. Pang, and C. N. Pope, “An ω deformation of gauged STU supergravity”, JHEP 04
(2014) 175, [arXiv:1402.1994]. [p. 3]
[32] G. Dall’Agata, G. Inverso, and M. Trigiante, “Evidence for a family of SO(8) gauged
supergravity theories”, Phys. Rev. Lett. 109 (2012) 201301, [arXiv:1209.0760]. [p. 3, 5, 26]
[33] B. de Wit and H. Nicolai, “N=8 Supergravity”, Nucl. Phys. B208 (1982) 323. [p. 3, 26]
[34] J. Tarro and O. Varela, “Electric/magnetic duality and RG flows in AdS4/CFT3”, JHEP 01
(2014) 071, [arXiv:1311.2933]. [Addendum: JHEP12,068(2015)]. [p. 4]
[35] A. Borghese, A. Guarino, and D. Roest, “All G2 invariant critical points of maximal
supergravity”, JHEP 12 (2012) 108, [arXiv:1209.3003]. [p. 4]
[36] A. Borghese, G. Dibitetto, A. Guarino, D. Roest, and O. Varela, “The SU(3)-invariant sector
of new maximal supergravity”, JHEP 03 (2013) 082, [arXiv:1211.5335]. [p. 4]
[37] A. Borghese, A. Guarino, and D. Roest, “Triality, Periodicity and Stability of SO(8) Gauged
Supergravity”, JHEP 05 (2013) 107, [arXiv:1302.6057]. [p. 4]
– 32 –
[38] G. Dibitetto, A. Guarino, and D. Roest, “Lobotomy of Flux Compactifications”, JHEP 05
(2014) 067, [arXiv:1402.4478]. [p. 4]
[39] Y. Pang, C. N. Pope, and J. Rong, “Holographic RG flow in a new SO(3)× SO(3) sector of
ω-deformed SO(8) gauged N = 8 supergravity”, JHEP 08 (2015) 122, [arXiv:1506.0427]. [p. 4]
[40] S. Cremonini, Y. Pang, C. N. Pope, and J. Rong, “Superfluid and metamagnetic phase
transitions in ω-deformed gauged supergravity”, JHEP 04 (2015) 074, [arXiv:1411.0010]. [p. 4]
[41] G. Dall’Agata and G. Inverso, “On the Vacua of N = 8 Gauged Supergravity in 4 Dimensions”,
Nucl. Phys. B859 (2012) 70–95, [arXiv:1112.3345]. [p. 4]
[42] G. Dall’Agata and G. Inverso, “De Sitter vacua in N = 8 supergravity and slow-roll conditions”,
Phys. Lett. B718 (2013) 1132–1136, [arXiv:1211.3414]. [p. 4]
[43] G. Inverso, H. Samtleben, and M. Trigiante, “Type II origin of dyonic gaugings”,
arXiv:1612.0512. [p. 4]
[44] A. Guarino, D. L. Jafferis, and O. Varela, “String Theory Origin of Dyonic N=8 Supergravity
and Its Chern-Simons Duals”, Phys. Rev. Lett. 115 (2015), n. 9, 091601, [arXiv:1504.0800].
[p. 4]
[45] A. Guarino and O. Varela, “Dyonic ISO(7) supergravity and the duality hierarchy”, JHEP 02
(2016) 079, [arXiv:1508.0443]. [p. 4]
[46] A. Guarino and O. Varela, “Consistent N = 8 truncation of massive IIA on S6”, JHEP 12
(2015) 020, [arXiv:1509.0252]. [p. 4]
[47] F. Ciceri, A. Guarino, and G. Inverso, “The exceptional story of massive IIA supergravity”,
JHEP 08 (2016) 154, [arXiv:1604.0860]. [p. 4]
[48] M. Henneaux, C. Martinez, R. Troncoso, and J. Zanelli, “Asymptotic behavior and Hamiltonian
analysis of anti-de Sitter gravity coupled to scalar fields”, Annals Phys. 322 (2007) 824–848,
[hep-th/0603185]. [p. 4]
[49] V. Balasubramanian, P. Kraus, and A. E. Lawrence, “Bulk versus boundary dynamics in anti-de
Sitter space-time”, Phys. Rev. D59 (1999) 046003, [hep-th/9805171]. [p. 4]
[50] V. Balasubramanian, P. Kraus, A. E. Lawrence, and S. P. Trivedi, “Holographic probes of
anti-de Sitter space-times”, Phys. Rev. D59 (1999) 104021, [hep-th/9808017]. [p. 4]
[51] P. Breitenlohner, D. Maison, and G. Gibbons, “Four-dimensional black holes from kaluza-klein
theories 1988 comm”, Math. Phys 120 295. [p. 5]
[52] M. Cvetic and D. Youm, “All the static spherically symmetric black holes of heterotic string on
a six torus”, Nucl. Phys. B472 (1996) 249–267, [hep-th/9512127]. [p. 5]
[53] M. Cvetic and D. Youm, “Entropy of nonextreme charged rotating black holes in string theory”,
Phys. Rev. D54 (1996) 2612–2620, [hep-th/9603147]. [p. 5]
[54] D. Gaiotto, W. Li, and M. Padi, “Non-supersymmetric attractor flow in symmetric spaces”,
Journal of High Energy Physics 2007 (2007), n. 12, 093. [p. 5]
[55] E. Bergshoeff, W. Chemissany, A. Ploegh, M. Trigiante, and T. Van Riet, “Generating geodesic
flows and supergravity solutions”, Nuclear Physics B 812 (2009), n. 3, 343–401. [p. 5]
– 33 –
[56] G. Bossard, H. Nicolai, and K. S. Stelle, “Universal bps structure of stationary supergravity
solutions”, Journal of High Energy Physics 2009 (2009), n. 07, 003. [p. 5]
[57] P. Fre´, A. S. Sorin, and M. Trigiante, “Integrability of supergravity black holes and new tensor
classifiers of regular and nilpotent orbits”, Journal of High Energy Physics 2012 (2012), n. 4,
15. [p. 5]
[58] L. Andrianopoli, R. DAuria, A. Gallerati, and M. Trigiante, “Extremal limits of rotating black
holes”, Journal of High Energy Physics 2013 (2013), n. 5, 71. [p. 5]
[59] L. Andrianopoli, A. Gallerati, and M. Trigiante, “On extremal limits and duality orbits of
stationary black holes”, Journal of High Energy Physics 2014 (2014), n. 1, 53. [p. 5]
[60] G. Dall’Agata and G. Inverso, “On the Vacua of N = 8 Gauged Supergravity in 4 Dimensions”,
Nucl. Phys. B859 (2012) 70–95, [arXiv:1112.3345]. [p. 5, 26]
[61] G. Dall’Agata and G. Inverso, “de Sitter vacua in N = 8 supergravity and slow-roll conditions”,
Phys. Lett. B718 (2013) 1132–1136, [arXiv:1211.3414]. [p. 5, 26]
[62] G. Dall’Agata, G. Inverso, and A. Marrani, “Symplectic Deformations of Gauged Maximal
Supergravity”, JHEP 07 (2014) 133, [arXiv:1405.2437]. [p. 5, 26]
[63] G. Inverso, “Electric-magnetic deformations of D = 4 gauged supergravities”, JHEP 03 (2016)
138, [arXiv:1512.0450]. [p. 5, 26]
[64] L. Andrianopoli, M. Bertolini, A. Ceresole, R. D’Auria, S. Ferrara, P. Fre, and T. Magri, “N=2
supergravity and N=2 superYang-Mills theory on general scalar manifolds: Symplectic
covariance, gaugings and the momentum map”, J. Geom. Phys. 23 (1997) 111–189,
[hep-th/9605032]. [p. 6]
[65] A. Gallerati and M. Trigiante, “Introductory Lectures on Extended Supergravities and
Gaugings”, Springer Proc. Phys. 176 (2016) 41–109. [p. 6]
[66] O. Aharony, O. Bergman, D. L. Jafferis, and J. Maldacena, “N=6 superconformal
Chern-Simons-matter theories, M2-branes and their gravity duals”, JHEP 10 (2008) 091,
[arXiv:0806.1218]. [p. 22]
[67] O. Aharony, O. Bergman, and D. L. Jafferis, “Fractional M2-branes”, JHEP 11 (2008) 043,
[arXiv:0807.4924]. [p. 22]
[68] M. Billo, D. Fabbri, P. Fre, P. Merlatti, and A. Zaffaroni, “Rings of short N=3 superfields in
three-dimensions and M theory on AdS(4) x N**(0,1,0)”, Class. Quant. Grav. 18 (2001)
1269–1290, [hep-th/0005219]. [p. 22]
[69] I. R. Klebanov and E. Witten, “AdS / CFT correspondence and symmetry breaking”, Nucl.
Phys. B556 (1999) 89–114, [hep-th/9905104]. [p. 22, 23, 24]
[70] I. Papadimitriou, “Multi-Trace Deformations in AdS/CFT: Exploring the Vacuum Structure of
the Deformed CFT”, JHEP 05 (2007) 075, [hep-th/0703152]. [p. 23]
[71] M. Henningson and K. Skenderis, “The Holographic Weyl anomaly”, JHEP 07 (1998) 023,
[hep-th/9806087]. [p. 23]
[72] K. Skenderis, “Asymptotically Anti-de Sitter space-times and their stress energy tensor”, Int. J.
Mod. Phys. A16 (2001) 740–749, [hep-th/0010138]. [p. 23]
– 34 –
[73] V. Balasubramanian and P. Kraus, “A Stress tensor for Anti-de Sitter gravity”, Commun.
Math. Phys. 208 (1999) 413–428, [hep-th/9902121]. [p. 23]
[74] R. B. Mann, “Misner string entropy”, Phys. Rev. D60 (1999) 104047, [hep-th/9903229].
[p. 23]
[75] D. Z. Freedman, K. Pilch, S. S. Pufu, and N. P. Warner, “Boundary Terms and Three-Point
Functions: An AdS/CFT Puzzle Resolved”, JHEP 06 (2017) 053, [arXiv:1611.0188]. [p. 25]
[76] B. de Wit and H. Nicolai, “N=8 Supergravity with Local SO(8) x SU(8) Invariance”, Phys.
Lett. 108B (1982) 285. [p. 26]
[77] C. M. Hull, “A New Gauging of N = 8 Supergravity”, Phys. Rev. D30 (1984) 760. [p. 26]
[78] C. M. Hull, “Noncompact Gaugings of N = 8 Supergravity”, Phys. Lett. 142B (1984) 39. [p. 26]
[79] A. Anabalon, F. Canfora, A. Giacomini, and J. Oliva, “Black Holes with Primary Hair in
gauged N=8 Supergravity”, JHEP 06 (2012) 010, [arXiv:1203.6627]. [p. 27]
[80] G. W. Gibbons, R. Kallosh, and B. Kol, “Moduli, scalar charges, and the first law of black hole
thermodynamics”, Phys. Rev. Lett. 77 (1996) 4992–4995, [hep-th/9607108]. [p. 27]
[81] D. Astefanesei, K. Goldstein, and S. Mahapatra, “Moduli and (un)attractor black hole
thermodynamics”, Gen. Rel. Grav. 40 (2008) 2069–2105, [hep-th/0611140]. [p. 27]
[82] K. Hajian and M. M. Sheikh-Jabbari, “Redundant and Physical Black Hole Parameters: Is
there an independent physical dilaton charge?”, Phys. Lett. B768 (2017) 228–234,
[arXiv:1612.0927]. [p. 27]
[83] H. L, Y. Pang, and C. N. Pope, “AdS Dyonic Black Hole and its Thermodynamics”, JHEP 11
(2013) 033, [arXiv:1307.6243]. [p. 27]
[84] A. Anabalon, T. Andrade, D. Astefanesei, and R. Mann, “Universal Formula for the
Holographic Speed of Sound”, arXiv:1702.0001. [p. 27, 28, 29]
[85] E. Mefford and G. T. Horowitz, “Simple holographic insulator”, Phys. Rev. D90 (2014), n. 8,
084042, [arXiv:1406.4188]. [p. 28]
[86] A. Anabalon, D. Astefanesei, and R. Mann, “Holographic equation of state in fluid/gravity
duality”, Phys. Lett. B770 (2017) 272–277, [arXiv:1604.0559]. [p. 28]
[87] D. Z. Freedman, S. S. Gubser, K. Pilch, and N. P. Warner, “Renormalization group flows from
holography supersymmetry and a c theorem”, Adv. Theor. Math. Phys. 3 (1999) 363–417,
[hep-th/9904017]. [p. 28]
[88] K. Goldstein, R. P. Jena, G. Mandal, and S. P. Trivedi, “A C-function for non-supersymmetric
attractors”, JHEP 02 (2006) 053, [hep-th/0512138]. [p. 28]
[89] R. C. Myers and A. Sinha, “Holographic c-theorems in arbitrary dimensions”, JHEP 01 (2011)
125, [arXiv:1011.5819]. [p. 28]
[90] A. Sen, “Entropy Function and AdS(2) / CFT(1) Correspondence”, JHEP 11 (2008) 075,
[arXiv:0805.0095]. [p. 28]
[91] A. Sen, “Quantum Entropy Function from AdS(2)/CFT(1) Correspondence”, Int. J. Mod.
Phys. A24 (2009) 4225–4244, [arXiv:0809.3304]. [p. 28]
– 35 –
[92] A. Guarino and J. Tarro, “BPS black holes from massive IIA on S6”, JHEP 09 (2017) 141,
[arXiv:1703.1083]. [p. 28]
[93] A. Guarino, “BPS black hole horizons from massive IIA”, JHEP 08 (2017) 100,
[arXiv:1706.0182]. [p. 28]
[94] A. Guarino, “Hypermultiplet gaugings and supersymmetric solutions from 11D and massive IIA
supergravity on H(p,q) spaces”, arXiv:1712.0954. [p. 28]
[95] F. Azzurli, N. Bobev, P. M. Crichigno, V. S. Min, and A. Zaffaroni, “A Universal Counting of
Black Hole Microstates in AdS4”, arXiv:1707.0425. [p. 28]
[96] N. Bobev, V. S. Min, and K. Pilch, “Mass-deformed ABJM and Black Holes in AdS4”,
arXiv:1801.0313. [p. 28]
– 36 –
